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IN-BORE STRUCTURAL BEHAVIOR OF 120-MM SABOTED LONG
RODS SUBJECTED TO AXIAL AND LATERAL ACCELERATIONS

DR. D. A. RABERN
Los Alamos National Laboratory, Los Alamos, New Mexico (USA)

The methodology and analysis used to characterize the structural
performance of a sabot/rod as it is subjected io lateral and axial loading
during launch is presented. The method described incorporates both
expenmental and numerical phases in the evaluation.

1. INTRODUCTION

Considerable effort has been dedicated to ensuring the structural integrity of long rods
during axial acceleration, but little work has addressed the subject of lateral acceleration of the
sabot/rod package while it 1s still in-bore. Drysdale [1] states "Certainly the most pressing,
unisolved problem facing the projectile designer at the present time does not invoive structural
integrity dircctly, Rather it is the development of a methodology which allows the rational
design of in-bore configurations so that balloting and sabot separation have a minimal effect on
the tlight of the subprojectile.”

Characterization of the response of sabot/rod systems to lateral loading is the next
fundamental step 10 improving sabot designs. Benchmarked analyses and methodology will
provide projectile designers with both quantitative and qualitative information to characterize
the structural inteprity of sabots that are sut;jected to lateral loads during Taunch.

A numerical and experimental program was undertaken to determine a method for
describing in-bore responses of saborod systems to lateral loads. ‘This program is centered
around the ME29 saboted long rod penetrator shown in Figure 1[2] and the 120 mm diameter
smooth bore Taunch tube [3]. The philosophy of this study was to use experimental methods
for dcrermining the deflected shapes of the rod aud sabot as they traveled down the launch
tube, then o compire shem with the shapes determined by numerical predictions. With a ven
fried analyrtical model, the stresses, strains, and displacements may be predicted for the entire
system, thus characterizing the structural pefformance of e sabot/rod system,  Experimental
methods similan to those used by Lucht [4] were used 1o record the distorted shepe of the
sabot/tod system while it was o the Ewnch tibe. Numerical analyses utilized an explicit thiee
dimensional finite element code with the constitutive and sliding alpornithims needed for the
dyname analyses
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The M829 sabot/rod was numerically subjected to three separate launch environmems to
determine its response to axial and lateral loads. The first launch environment was repre-
sentative of a launch condition with zero oo symmetric Lateral loads. This condition was
considered to isolate the axial acceleration effects. The sccond environment was representative
of a launch condition with minirinal lateral loads. The third was representative of significant
lateral loads. These latter two environments occurred when the sabot/rod system was aceeler-
ated down a relatively straight tube, which produced minimal lateral loading, and a slightly bent
tube, which subjected the sabot/rod system 1o significant lateral loads. When the locations of
the tube berds are known, instrumentation can be set up 1o record the rod displacement as it
travels rthrough the bend. When the geometry of the tube and the parameters of the laurch en-
vironment are known, a numerical model can be generated o model cach Launch environment.
The ..perimental portion of the project utilized only the bent tube.

The launch tubes used for the project were 120-mm smooth-bore tubes. The thickness of
the wall in the launch tube varied from 2.95 in. 10 (.78 in. Reinforcement hoops were located
at intervals down the tube. The launch tube was mounted in the launch fixture and acted as a
cantilever beam. The two launch tubes chosen for this project were a relatively straiga.. iube
and a bent tube. Tke relatively straight tube is designated by Benet Laboratory as SN104 and
the bent tube as SN81. Benet Laboratorics inspected each tube for line-of-sight straightness.
Their inspection reports are available in a report by S & D Dynamics [5). The inspection
recorded latcral displacement from a datum between the centerline at the aft end of the tube and
the centerline at the forward end.

The tube was modeled with the ABAQUS finite clement code [6] and subjected to the
body loads associated with gravity to determince the tube droop. The finite element mesh was
gencrated using the preprocessor PATRAN [7]. The analysis was static, linearly elastic and
was performed to determine the tube's shape as a result of eravity and to determine the effect
the droop has on the prejectile path. The relatively straight (SN104) and bent (SN81) launch
tubes, are plotted together in Figure 2. The two tube profiles represent the tube droop and line-
of-sight straightness combined for "wnch tubes SN&I and SN104. These were the initial con-
ditions of the launch tubes prior to Launch.,
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‘The experimental portion of the rescarch centers around the full- scale testing of the ME29
sabot/rxl (Figure 1) in a bent launch tube (Figure 2). The primary diagnostic tool is a
2.3 MeV x ray source that is used to record the sabot/rad shape a a known location in the
Liunch wibe. Foreach test performed, the distonted shape was compared with those from
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previous tests and was used as a benchmark agamst the nuerical predictions. Two pairs of
orthogonal x-ray units were used 1o record launch tube exit velocity, sabot separation, and rod
straighiness.

The tests performed were designed to compare the sabot/rod design ina severe lateral
loading environment and to provide the data required 1o compare numerical analysis results
with test results. The test range consists of the saboyrod launch facility, instrumentation, and
sabot stripper. A photograph of the instrumentation and launch facility is shown in Figure 3.
A schematie of the facility is shown in Figure 4. Also shown in the figure are locations of the
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x-ray head and wriggers, with staton locanon highlighted for clarity. The following is o
narritve of events by station.

o STATION A: ‘The propellant is ignited with an clectrical charge, pressure builds in
the breech, and the sabot/rod begins to travel down the tube.

e STATION B: Lvacuator ports are located at station B. Two capped pin switches
arc inserted into the evacuator ports. When the forward bell of the sabot hits the
pins, the signal is recorded and used as a timing mark to signal the x-ray units. A
time nterval meter triggers the 2.3 MeV x-ray tube to fire approximately (.63 my
after the pin switch is tripped. The time varies, depending on the tube's axial loca-
tion for the experiment.

e STATION C: The trigger from the time interval meter triggers the 2.3-MeV x-ray
unit, and the unit pulses, recording the sabot/rod image on the shielded film pack
opposite the x-ray tube. The location was chosen from code predictions of where
the maximum lateral displacement should occur.

e STATION D: The sabot/rod system exits the launch tube and acrodynamic forees
begin to strip the sabot petals from the rod.

o STATION E: The sabot pelals begin to separate, and a pair of orthogonal 150-keV
x-ray tubes pulse. This records the rod and sabot images on the film packs after a
3.08-ms delay from the pin switches.

e STATION F: A third interval meter counts approximately 4.72 ms from the pin
swilch, then pulses the second set of orthogonal x-ray tubes. This records the image
of the sabot and rod.

Data from the 2.3-MeV wbe were used to detenmine the rod deformation while it was in
the tube. The four 150-keV tubes recorded sabot separation and rod straightness. The insuffi-
cient x ray intensity was overcome by using multiple layers of film in the x-ray cassette. ‘They
were indexed with ping to provide alignment. A bladder placed around the entire fitm pack wos
cvacuated to ensure good sereen-to-film contact. After development, the filims were super-
inposed o improve effective exposure and signal-to-noise ratio, The two separate films were
digitized on a scanning micro-densitometer, then their results were averaged. A reconstructed
inage, in which density gradients were removed and contrast was optimized, was used 1o
bring out resolution and features required to determine the rod's distorted shape.

Radiographs from X-ray units 2 through 5 were digitized to determine rod straightness
foom cach radiograph. The upper and lower rod edpes were digitized on a personal computer
and recorded. Results were transmitted to a Cray computer and manipulated with the program
TDAP K] The upper and lower edpes were averaged to praduce the rod centerline and then a
third order polynomal fit was done to determine the rod's deformed shape along, us centerhine.
The results of the data analyses showed the rod's deformed shapes at wtwo orthogonal stations
tor cach test,

Radwpraphs from the 2.3 MeV x ray unit look similinr between tests. Postprocessing ol
the inage 15 required to obtain a quantitative deformation pattern in the red. A typical radio
praph ¢t the ME29 - bot/tod system taken with the 2.3 MceV ox oy unit (Station () and trom
the 150 ke Vox tay uons (Stations Foand ) are shownan Fipane S0 In the 208 MeVoxonay the
UL 25T tod and details, such as thread form and rod taper, aie clealy visible, The ting, sabor,
and windsereen e casily discernible. Althouph fog bepins o cloud the nage near the intemal
dineter of the aunch tabe, the rod details are adequine tor postprocessing. This radhopraph
wars tthen with i sabot/iod velocity ot approximely 155 ki/s, 46 from the muszle,

The muddle imape, taken with X oy amit Number 2, shows the bepinming, ol sabot sepa
ration, and the lower imape, tiken with Xoray oot Numiber S, shows the sabot parts as they
contione to sepatate from the rod - “The rod had o approxamat: velocity of Lo ki/s when the
iapes were tthen The hine i the center of both iapes v ciesed by o bl seam



Fig. 5. Radirgraphs of Stations C, I, and F.

The M829 deformed roxd shapes calculated from in-bore radiographic results in Tests 1,
2, and Yare shown in Figure 6. “The deformed rd shapes are plotted at three axial locations.
The skew in the data does not indicate yaw or lack of yaw, but the indexing method used. ‘The
ordinate is exageerated, compared with the abeissa, 1o show the lateral displacement more
clearly. The top plot shows the deformation of the rad 66.3 in. from the fins of the rod to the
muzzle of the launch tube (Test Number 2). Most of the lateral displacement is in the tip of the
rod (0.048 in.) and is measured from the center of pravity of the rod, The tail lateral
displacement is Q.01 in. at this location in the launch wbe. “The middle plot shows the dis-
torted shape S8.2 in. fiom the muzzle (Test Number 1). ‘The tip lateral displacement is now
0.043 in_and the il displacement is now 0.007 in. ‘The bottom plot shows the distorted shape
SE7 . lrom the muzzle (Fest Number 3). ‘The tip Lateral displacement is now 0.025 in., and
the il dhisplacement has changed 0 0,036 in. The results show the wd”s deformed shapes at
three axid locatons in the Lwnch tube. “The length ol the filinand the location of the 2.3-MeV
X tay unit made it impossible to perform tests o detemmine the entire deformation eycle of the
tod.

Y. NUMERICAL MODLELING

The sabotiod systems and their launch envitonments were modeled nuneesically o
descrtbe in detail the structaral behavior of each system as it navels down cach ot the Ennch
tubes. “The numencal maodeling was petlormed to predict the stress envitonment and the
tesponse of the sabotiod system. “The data obtained were used o compare the structural
mteptity of the theee sepatite sabot desipns. The following e et descriptions of the codes
used, the assumpunons made, and the results obtinned from the analyses.
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‘The M829 sabot/rod was maodeled in three different launch tubes. ‘The first launch tube
was perfectly straipht and was modeled o 1emove the effects of lateal loading on the saboy/rod
system. The second launch wbe, SN 1M, was used to observe the effect of minimal lateral
loading on the saboyrod system. The third Launch tube, SNRIT, was used to observe the effects
of signiticant Lateral loads on the system. DYNAZID [9], an explicit fiaite clement code, wis
scelected tor the analysis, This code has traditionally been used for dynamic transient analysis
involving impact and contact sutfaces. A 180 depree model was generated, rather than a full
160 depree systern. Appropriate boundary conditions were applicd on the symmetry plane.
The tube environnw nt selected showed little motion normiel 1o the constrained swmface and was
assessed o have small effects on the analysis resulis, With the 18O depree model, the problem
size wis cut significamtly over a tull 360 depree model. Shown in Figure 7 is the M829
sabot/rodd mesh in loanch tube SN at timie zero.

The meshes consist of approxinutely 7000 nodes and SO00 cipht node hexabedion cle
ments. Six naterils, thiee shiding suitaces, two load curves, and approximatley 10O pres
sure sifaces are used in cach mode!l. Although cach of the nmodels ditfers slipghtly, the meshes
are relanvely siomlar. The tin, windsereen, and iaunch mbe were mudeled with elasiie matenial
mwodels  The obturator, sabot, and 1od were modeled with a work hardeming, elastoe plasie



material madel. The sliding surfaces occur between sabot petals, between the obturator and the
launch tube, and between the forward bell and the launch tbe.

Results froin Tests 1, 2, and 3 were compared with results from the numerical analyses.
These tests used the M829 sabot/rod in launch tube SN81. The defonmed shape of the rod at
the centerline was calculated for each test and was plotted at the same displacement scale factor
as was used in the numerical analyses. These results are superimposed on the deformed finite
element mesh at the corresponding axial locations in the launch tube. Shown in Figure 8 are the
comparisons at three separate locations. The launch tube's axial locatior s, rather than times,
were chosen to take into account the small differences in velocity between the physical testing
and the numencal analyscs. The numerical analyses were performed with an exit velocity of
1.65 km/s, where the physical experiments showed velocities between 1.67 and 1.69 kmys.
Thus, axial location was used to compare the results. As indicated in Figure 8 the deformed
pattern from testing closely matches the numerical analyses. The top comparison shows the
rod 66 in. from the launch tube muzzle. The measurement is made from the tail fins of the rod.
The middle comparison shows the rod 58 in. from the muzzle, and the bottom comparison
shows it 51 in. lrom the muzzle. The data show that the numerical analysis deformation cycle
is slightly faster than shown in the physical tests. The effect is small. The general shape of
both tests and numerical analyses agree well. Table 1 is a summary of the tip and tail dis-
placements from both the numerical analyses and the physical tests.

With a verified model, stresses, strains, and displacements may be extracted from the
numerical analyses to determine the structural response of the system in the tube. The data are
voluminous, 50 only a very cursory view is presented here. The tip and tail lateral displace-
ment with respect to the center of gravity of the rod is shown in Figure 9 for the M829
sabot/rod as it transits launch tube SN81. The von Mises stress contours are plotted on the
deformed mesh just prior to exiting the !aunch wbe in Figure 10. The distorted geometry is
shown for the sabot/rod in all three launch environments. The perfecily straight launch
environment is used to isolate the stresses due to the axial load environment. Table 2 shows
the peak von Mises stresses that occur in each launch environment at seven selected times
during the launch process

Table 1. A Comparison of Tip and Tail Displacements: IExperimental Testing
vs Numerical Analyses of the M829 Sabot/rod in Launch Tube SN8I1.

Axial Location (in.)

. _58 _ 5
Numerical Tip Displacement 0.042 0.037 0.018
Experimental Tip Displacement 0.048 0.043 0.025
Numercal Tail Displacement 0.016 0.004 0.032
Experimental Tail Displacement -0.011 0.007 0.036

Table 2. Maximum von Mises Stress (ksi) tor
Three Launch Environments at Seven Selected Times (s).

Lavnch Tube 00034 Q0039 Q.0047  0.0053  0.0063 0.0009  0,0072
SNKI R KX IR IR 6/ 42 74
SN1OA 82 KR 6 ol 52 19 v/
PS 8.2 KR 16 61 i/ 29 25




Iig. 7. Finite Element Mesh of Sabot/rod System and Laur:ch Tube.
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Lanch Tulw Lanneh Pulw el Tulwe e
SNEL SN101 i~ P'etlealy Siugdn

J il
r :V“
!
4
b
1
i
i |

Cantonr Valyes
AOY By C 30 DAy B 6D 1y G gy 1

Ensplacennt Scale Tae 10

100, "The von Mises Stress Contours (ksi) Plotted on the Distovted Geometry at 0.0072 5
(or the MB29 Sabot/rod System in Launch Tube SNBT and Launch Tube SN1TOA and in a
Launch Tube thatis Perfectly Straight.



The resuits indicate that for launch tube SN81 the lateral loadings do not significantly
affect the sabovrod until the velocity has increased in the latter stages of launch. At this point
the effect compared with that of the perfectiy straight launch tube (PS), develops as much as
296% higher stresses because of the lateral stress environment.

4. SUMMARY AND CONCLUSIONS

With the setup and the numerical and experimental compenents completed, several con-
clusions can be made regarding the methodology cmployed for the project. The original intent
of the project was to establish a methodology that accurately describes the structural behavior
of a sabot/ rod system subjected to in-bore lateral loading. To accomplish this, experimental
and numerical methods were employed that provided the detail required to make the necessary
comparisons between launch environments. X-ray enhancement techniques and large com-
puters are necessary technologies for conducting a successful analysis. The experimental and
numerical portions of the method complement one another by obtaining the independent data
required to fully characterize the sabot/rod structural response. The experiments provide a
benchmark for the numerical studies and subsequent information during sabot separation.

The numerical models provide detailed information about stress, strain, and displacement
histories that are not available from the experiments. Considerations and conclusions about the
numerical models used are noted here. The combination of the numerical and experimental
methods constitute the methodology employed in this analysis. The most significant conclu-
sion about the methodology employed would be that the combination of numerical modeling
and full-scale experiments provides sufficient information to characterize the in-bore structural
behavior of sabot/rod systems. To be successful however, a thorough understanding of the
initial conditions, launch environment, system geometry, and loading conditions is essential.
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